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INTRODUCTION

Using activation foils to measure neutron kerma

requires knowledge of the neutron energy spectrum.

This knowledge can be gained either through analyzing

the responses of different threshold activation foils or -

by radiation transport calculations. During the last few

years, neutron energy spectra of the AFRRI TRIGA*

reactor (1) have been examined in three calculational

efforts (2-4) and two experimental efforts (5-6). These S

studies defined TRIGA neutron energy spectra (a) free

in air and (b) within experimental arrays and phantoms

for lead, water, or no shielding between the reactor

core and the points of measurement. As a result, it is .

now possible to predict with high confidence the

responses of neutron activation foils under a variety of

conditions of experimental irradiation.

In this report the average cross sections for inelastic

neutron scattering reactions in 10 3Rh and 1 15 1n are

derived. These detectors show potential for direct

measurement of neutron kerma in the TRIGA reactor P

experimental arrays for which spectral information is

available. Experimental procedures for use of 1 0 3 Rh

and 115 1n and intercomparison with other dosimetry

techniques are not covered here, but will be reported S

separately.

• Training, Research, and Isotope Production

General Atomic

S pp~fo
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THEORY

Inelastic neutron scattering reactions in 10 3Rh and

1151n are described in Table 1. The potential use of
1 0 3 Rh for the dosimetry of fission neutrons, first

recognized by Ing and Cross (8) over 10 years ago, is

based on the close correspondence between the cross

section of 10 3 Rh and the kerma respons. of muscle for

neutrons in the energy range of 0.7 to 7 MeV (Figure 1).

In this respect, 1 1 5 1n appears less well suited for fission %

neutron dosimetry, but in many situations the longer

half-life of its activation product may make it

preferable to 1 0 3 Rh.

Table I. Physical Data for Inelastic Neutron Scattering in 10-3 Rh and I Sin

Reaction

103Rh (n,n') 103mRh 1151n (nn') ll5min

Target isotopic abundance 1.00 0.96

Effective threshold 0.7 MeV 1.4 MeV

Product half-life (ref. 7) 56.1 min 4.50 hr

Product radiations (ref. 7):

Gamma 39.7 keV (0.06%) 335.6 keV (39.25%)
497.3 (0.05%)

X-ray 20.2 (4.36%) 24.2 (20.30%)
20.0 (2.19%) 24.0 (10.32%) 7:
22.7 (1.07%) 27.2 (5.29%)

27.9 (1.06%)

4

.* . . . *.



3.0

2.0 "O'Rh.

0~

. MUSCLE . (n

KERMA

0 L

0.1 1.0 10

NEUTRON ENERGY (MeV)

Figure 1. Neutron kerna in muscle and reaction cross sections
for 10 3 Rh (n,n')l0 3 mRh and 1 15in (n.n')l 15rin. Linear
scales were normalized to display relative shapes of curves.

Figure 2 shows neutron kerma spectra for cases that

constitute the extremes of spectral variation encoun-

tered in radiobiology experiments with the AFRRI

TRIGA reactor. The fluence-averaged energies of

these spectra range from 0.5 MeV (within the phantom

behind a 15-cm lead shield) to 3.4 MeV (free-in-air

behind a 30-cm water shield) (9). Except for the 30-cm

water shield, less than 3% of the neutron kerma from

TRIGA spectra arises from neutrons with energies over

7 MeV, so the high-energy falloff in 1 0 3Rh and 1151n.

cross sections poses no obstacle to dosimetric applica-

tions. However, a large fraction of the neutron kerma

is due to neutrons with energies below I MeV, for which

both the 1 0 3 Rh and the 115 1n cross sections are rapidly

5
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falling. This low-energy falloff places fundamental

limits on the dosimetric accuracy that may be attained

with either detector.

100 / I,
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NEUTRON ENERGY (MeV)
Figure 2. Cumulative neutron kerma spectra for selected TRIGA

reactor arrays. Ordinates give fraction of total neutron kerma due to
neutrons with energies less than or equal to values on abscissa.
Thermal neutron kerma was excluded (see Table 2). Curves were
obtained from group spectra by cubic splines interpolation between
integral group kerma values.

The degree to which either 1 0 3 Rh or 1151n may be

useful for absolute neutron dosimetry can be assessed

by computing the spectrum-averaged cross section, -,

and spectrum-averaged kerma factor, K, for each neu-

tron spectrum. These quantities are defined below.

6
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In the above, ((E) and ~g represent the neutron energy

spectrum, E the neutron energy, u (E) and a g the

reaction cross section, and K(E) and Kg the neutron

kerma. The integrals exclude thermal neutrons since

these constitute only a small fraction of the total

kerma (see Table 2), and can be adequately measured by

other techniques, such as the cadmium difference

method. The sums extend over all energy groups, g 9

(except thermal, group 37), of the Oak Ridge Data

Library Collection 31 (DLC-31) (10) format in which

TRIG A neutron spectra have been compiled.

-S

Table 2. Kernia eue to Thermal Neutrons .•

Thermal Neutron Kerma
Shield/Array* (% Total Neutron Kerma)

6"m Pb/cylindrical phantom 6.2

2e Pb/monkey phantom head, trunk 2.8, 3.8

2" Pb/exercise wheel 0.6 .. -

t
None/tree-in air ER 2 0.5 -

See references 2 and 4 for shield/array descriptions.

tExposure Room 2

. . . . .. . ..-

Table 2~.. . . .. . . . . . . . . . . . . . . . . . ..ron ....



Spectrum-averaged cross sections, a, are expressed in

units of barns (10-24 cm 2 ) or, more simply, activation

per atom per unit fluence. Spectrum-averaged kerma

factors, K, are in units gray per unit fluence. Conse-

quently, the ratio O/K has units activation per atom per

gray, and represents a detector's sensitivity or calibra-

tion factor for kerma measurements in a neutron spec-

trum. In what follows, the quantities C and R are

computed for several TRIGA neutron spectra, and the

ratios G/K are analyzed as sensitivity factors for neu-

tron kerma measurements with 1 0 3 Rh and 1151n. For

comparison, ratios 6y /K for sulfur activation via

32S (n,p) 3 2 P are also presented.

METHODS

Neutron kerma factors for muscle from ICRU Report

26 (11) were regrouped to the DLC-31 format as

previously described (12). Cross sections for inelastic

neutron scattering in 1 0 3 Rh and l151n from ICRU

Report 26 were group averaged (a versus log E) to the

DLC-31 format using cubic-splines interpolation. Cross

sections for sulfur activation were taken from refer-

ence 5. All cross sections are shown in Table 3. All

results are presented using the following units:

-i: 1012 gray per neutron per cm
2

G/K: 10-21 activations per atom per gray

8
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Table 3. Group Cross Sections (Barns)

Group Upper
Energy (MeV) 10 3 Rh (n,n') 103mRh 1 1 51n (n,n')ll5mln 32S (n,p) 32p

19.6 0.162 0.056 0.112 - .-

16.9 0.223 0.057 0A71
14.9 0.265 0.061 0.225
14.2 0.310 0.066 0.253 .
13.8 0.418 0.083 0.291
12.8 0.588 0.113 0.331
12.2 0.729 0.160 0.376
11.1 0.838 0.222 0.380
10.0 0.916 0.263 0.355
9.0 0.973 0.279 0.333
8.2 1.007 0.289 0.323
7.4 1.041 0.302 0.316
6.4 1.072 0.314 0.273
5.0 1.091 0.320 0.237
4.7 1.088 0.321 0.300
4.1 1.057 0.316 0.198
3.0 0.972 0.302 0.091
2.4 0.915 0.288 0.0896
2.3 0.858 0.265 0.0362
1.8 0.715 0.158 0.00103
1.1 0.366 0.033 0
0.55 0.082 0.001
0.16 0 0

Thirty-five neutron spectra from three separate sources

(2-4) were used in this analysis. Descriptions of the

TRIGA reactor configurations to which the spectra

apply are given in the references cited in Tables 4a and

4b. The primate restraint chair and physical activity

wheel arrays are further described in reference 13.

Each spectrum represents the total (integrated 4-pi)

neutron fluence at the specified measurement point.

All spectra were originally compiled in the DIC-31

format and were used in that format for the present

calculations.

9
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Table 4a. Kerma and Cross Sections for Unshielded TRIGA Arrays

Distance
to Core

Ref. Center
Array No. (cM) K Rh/K , i/R -s/"

Free in air. ER 1 3 30 17.2 2252 576 237
2 50 19.9 2284 594 256
2 100 20.5 2341 620 252
2 200 18.1 2270 589 252

300 16.2 2248 579 243
2 400 14.4 2217 566 231
2 500 12.9 2192 556 224

Free in air, ER 2 3 30 16.8 2258 578 234
2 50 18.1 2291 599 261
2 100 18.5 2343 613 238
2 200 15.4 2256 584 248
2 3(0 13.3 2218 577 233

Physical activity wheel, ER 1,
without phantom 3 150 12.1 2186 553 187

Primate restraint chair. ER 1.
withuut phantom 3 85 17.1 2271 586 248

3 100 16.9 2268 585 247
3 150 16.1 '2257 580 242

Primate restraint chair. ER 2:
Without phantom 3 125 16.1 2256 580 242
Without phantom 3 200 14.2 2230 569 232
%lonkev midhead 4 100 13.7 2207 561 237
Monkey midtrunk 4 100 13.7 2217 559 237

10
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Table 4b. Kerma and Cross Sections for Shielded TRIGA Arrays
Distance . _
to Core

Ref. Center - 7 -- -
Array No. (cm) JRh'K ln' S

2" Pb Shield, ER I

Free in air 2 100 20.5 2283 568 202

Physical activity wheel: 5
Without phantom 2 90 16.4 2179 533 187
Without phantom 3 90 11.5 2094 498 168

Primate restraint chair:
Without ohantom 3 90 15.6 2175 525 181
Monkey midhead 4 100 11.8 2113 511 188
Monkey trunk 4 100 11.8 2140 519 193

6" Pb Shield, ER I

Free in air 2 100 17.2 2071 455 Ill

Cylindrical phantom 2 100 9.91 1956 435 120

2" Pb cave 2 100 13.7 1940 404 68

Primate restraint chair
without phantom 3 100 13.8 1997 424 100

5" H2 0 Shield, ER I

Free in air 3 42.5 2 1.7 2320 619 300

Free in air 2 too 23.9 2347 637 320

Primate restraint chair 5
without phantom 3 100 21.8 2336 631 318

12" H2 0 Shield, ER I

Free in air 2 100 34.5 2321 663 477

RESULTS

Calculated values of K and a/K for the neutron spectra S

are presented in Table 4. For 1 0 3 Rh, the highest value

(7.5 cm 1120 shield) and lowest value (15 cm Pb with

cave) of Uj/K were found to differ by 17%. This

difference corresponds closely to that in the fraction of 0

total neutron kerma due to energies below 0.6 MeV (see

Figure 2). For 1 1 51n, the highest value (30 cm H2 0 .

shield) and lowest value (1 5 cm Pb with cave) of a/K .

differed by almost 40%, which reflects the fraction of 0

- . .°
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total kerma due to neutrons with energy below about

1.5 MeV. Thus the calculations tend to support the

intuitive interpretations asc,'vbed to Ficgures 1 and 2.

In Table 5, the activation foil kerma sensitivities, o/K,

are summarized by the type of reactor shield. This

summary shows exolicitlv the reduced spectral varia-

bility of 1 03 Ph compared to 1151n and 3 2 S for kerma

measurements. When 10 3Rh sensitivities, grouped by

* shield, are separated into either free-in-air or

phantom/arrav measurements, variations in O/K are re-

duced to below ± 4% (two siprma). This indicates strong

potential for use of 10 3 ph in absolute neutron kerma

and depth distribution measurements in experimental

arrays and phantoms.

Tahle 5. Summary of ,Actialion Foil Kerna Sensitivities'

Reactor \1I Free-in-Air *rrav, Phantom
Shield Spec-tra Spectra Spectra

ORh K _SD(N)

'" )t) 1991 _ .' (4) 2071 (1) 1964 1.5% (3)
- '") 2164 3.'k (6) 2'283 (1) 2152 = 1.5% (5)

None 10- )n ' 1 2662 1.9'". '16) 2287 1.6%, (8) 2237 1.4% (8)
5' or 2" If0 231 1 6, (4) 2 29 f.. (3) 2336 (1)

" .)jl 1 SDl (N)

6" Pb 4.0 1 ) 4-5 (1) 421 3.7', (3)
"''" Pt)0 4.,'2 f-6) 568 (1) 517 . 2.614, (5)
None W-2110 cm) 53 ;.1 16) 594 12.7% (8) 572 2.2' (8)
-3 or- 12' I o0 ]M .4) 641) - .4', (31 631 (1)

S P [(N)

. ' Pb 1110 - (4) 11 1 (1) 9 6 27'- (:
7 ", 16) 202 (1) 1 3 5.>2' (71

None .(3'2t-'10 cm '41 6.,' (1 ) 247 4.0 (8) 134 q.4'-- 1 1
' or 12" 11.,0 3 4 I3' (4) 365 1 27', (31 31 s 11

tir.- !tr, n iril 10-21 ;wt;vatlon, per atom per Qfray.

12
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The present work for TRIC1 A neutron spectra can be

compared to published information for other fissior

neutron spectra, notably the compendium of spectra0

published by the International Atomic Enerp.*y Ap-ency

(IAEA) (14). This comparison is shown in Figure 3.
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CLOSE TO SHIELD. B

-8%1 7002400 V1-3% S

5%%
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I 400,
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0 10 20 30
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Relative to IAEA neutron spectra and calculations, the

present work gives values of U/K 2%-8% lower than

expected for 1 0 3 Rh, 5%-10% higher than expected for

11 5 1n, and considerably larger variations for 32S.

Reasons for these deviations have not been positively

identified, but probably include the fact that the model

spectra of JAEA do not represent adequately the TRIGA

reactor core, pool, tank wall, or exposure rooms. How-

ever, it is difficult to imagine how spectral differences

could cause overestimation of /K for one detector and

underestimation for another. Thus it seems likely that

differences must also exist between the cross section

and kerma values used by IAEA and those used here,

either in basic physical data or in the formatting of

that data into spectrum energy groups.

DISC USSIO N

The calculations of 103 Rh and 115 1n inelastic scattering

cross sections presented in this report establish the

feasibility of using these reactions for directly measur-

ing neutron kerma in TRIGA reactor neutron spectra.

The neutron spectra included in this analysis ranged in

average energy from 0.55 to 3.4 MeV, and the total

range of activation foil sensitivity factors (activation

per atom per gray) was ± 8.5% for 1 0 3 Rh, + 20% for

1 1 5 1n, and + 75% for S. By grouping the sensitivity

factors according to (a) reactor shield and (b) irradia-

tion condition either free in air or in presence of a

phantom/array, it was found that group sensitivity

factors with high precision (± 4% two sigma) applied to

the use of 10 3 Rh, and with lower precision (± 8% two

sigma) to 1 5 1n. These findings suggest thtt 103 111, may

have potential for the more accurate measurement of

14
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fission neutron kerma than the 5%-110% uncertainty

associated with ionization chamber techniques (15).

Uncertainties in the neutron energy spectra used in this

analysis, as well as in the cross sections and kerma

factors. place linitations on the accuracy that can be

ascribed to the resulting foil sensitivity factors. An

additional accuracy-limiting factor is the representa-

tion of spectra, cross sections, and kerma in energy

groups of rather broad width (0.11-0.55. 0.55-1.1. and

1.1-1.8 MeV) near the detector threshold energies. It is

clear that uncertainties in muscle kerma factors or.

cross sections would have a spectrum-weighted propor-

tionate effect on the Calculated foil serIsitivitV factors.

It is less clear what impact results from spectral

uncertainties or finite group widths. especially ini light

of the relative invariance of' the foil sensitivity factors

over the range of spectra studied. In this regard. "

comparison of selected /tK Values derived in the

present work with appropriate values from the IA'A

spectrum compendium (14) revealed differences ranging ".

from -2, to -8% for 103 Rh, from +5r,% to +10",, for
1151In, and from #9% to 161% for 3 2 S. The negative -

(fiffer'erces for 1031Rh suggest a low-energy neutron

ker'ma c mponent in the TIMI( A exposure rooms, but

the positive differences for 11 1hr ind :32S r'e ma iil

unexipiined. Those differences rmay be resolva1ble

through experinlentlil intereomparisoni in TlI{;\ lA ieu-

troll fields of 1031: h, h 1In 32S nf(ativdttiova o 'filI

to-ettier with paired ionization (,hwiher' o Ci e, orillictri"

t efi itu(-,.

. . . . . . . . . . . . . .-. .. "... ' . . , . , . . .. . . ' ' - . - -



Aside from absolute accuracy considerations, the pre-

sent results indicate that, for a given reactor shield,

the changes in 1 0 3 Rh and 1 1 5 1n foil sensitivities are

small between different array types, either free in air

or at midline in a phantom. From this can be concluded

that these foils, especially 1 0 3 Rh, can be used to

advantage for defining the relative neutron kerma dis-

tribution within an array or at different depths in

animal phantoms.
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